We show that for a heavy vector-like quark model with a down type isosinglet, branching ratio for c → uγ decay is enhanced by more than O(10 2 ) as compared to that in the Standard model when QCD corrections to next-to-leading order are incorporated. In a left-right symmetric model (LRSM) along with a heavy vector-like fermion, enhancement of this order can be achieved at the bare (QCD uncorrected) level itself.
I. INTRODUCTION
The direct search for physics beyond the Standard Model(SM) has been unsuccessful thus far. There have been anomalies in some of the observables in the flavour sector, with deviations from the SM predictions at the level of few sigma [1] . In fact, the presence of New Physics(NP) at possibly high scales may very well be deduced only from precision measurements of some of the rare meson decays. The absence of Flavour changing neutral currents (FCNCs) at the tree level allows the possibility of virtual new physics particles to be present in the loop level diagrams that contribute to these processes. Detailed study of rare charm decays was performed in Ref. [2] . Predictions for these decays in various extensions of the SM including extensions of the Higgs, gauge and fermion sectors were obtained. Rare charm decays were also recently studied in Refs. [3] [4] [5] . The focus of this study will be the radiative decays of charmed mesons. While both the inclusive and exclusive radiative B meson decays have been extensively discussed in the literature, less attention has been paid to the D meson radiative decays as their branching ratios are expected to be much smaller due to the almost complete GIM suppression.
Moreover, charm radiative decays will be dominated by long distance contributions, which can hide the presence of new physics particles that may appear in the loop of the short distance penguin contributions. Nevertheless, in Ref. [6] it was pointed out that a measurement of the difference in the rates of the exclusive modes, D 0 → ργ and D 0 → ωγ in which the long distance effects are expected to cancel, would indicate short distance new physics if the data reveals a difference of rates which is more than 30%. But in general, due to the large uncertainties in the long distance contributions, any definite conclusion regarding NP will not be feasible from a measurement of the radiative decay rates for the inclusive c → uγ case nor for any individual exclusive channel, unless the NP short distance contribution is larger than that from the long distance effects. In fact, the possibility of enhancement above the otherwise dominant long distance effects, in presence of a fourth generation model with large mixing angles of the b ′ quark, U ub ′ U ub ′ had been pointed out in Ref. [7] . Fourth generation models are now inconsistent with the LHC data, however, models with vector-like charge −1/3 quarks, for which the authors of Ref. [7] claimed that their results
were also applicable, are still viable. In fact, in the last couple of years many detailed studies of the phenomenology of vector-like quarks and constraints from the flavour sector have been performed [8] [9] [10] [11] [12] .
Apart from the enhancement in the decay rate, which will be subject to the relative size of the short distance and long distance effects, NP could also be searched through a measurement of the polarization of the photon produced in the decay. The SM has a robust prediction regarding the photon polarization in c → uγ decays and hence, a measurement of the photon polarization can pin down the presence of NP. This had been earlier pointed out for the case of B radiative decays in Refs. [13, 14] . In the SM, the photons from the short distance (SD) penguin contribution in the c → uγ decays will be mostly left handed up to corrections of O(m u /m c ). This dominance of left handed polarization can get masked in the presence of long distance (LD) effects. However, the fraction of the right polarized photons will vary in different models and may possibly even allow one to distinguish between different models of NP. We explore the effects of the presence of a down-type isosinglet vector-like quark model on the c → uγ decay rate, as well as on the photon polarization for this model with an additional left-right symmetry. The decay rate evaluation requires an estimation of both the SD as well as LD components, which are described in the next section. In Sec. III A some details of the down type isosinglet vector-like quark model are discussed, including the modifications to the Wilson coefficients in its presence. Sec. III B contains a short discussion on LRSM and the results for the bare level SD contributions to the amplitudes for the emission of the left and right handed photons in this model. Sec. IV A gives our results for the branching ratios (BR's) in the SM and in the different NP models. In Sec. IV B we present our analysis of the polarization function in the LRSM and the LRSM with vector-like quark. Finally in Sec. V, we conclude.
II. THE LONG AND SHORT DISTANCE CONTRIBUTIONS WITHIN THE STANDARD MODEL
The long distance contributions being non-perturbative in nature are hard to estimate. The long distance contributions can come either from pole diagrams or vector meson dominance (VMD) diagrams. At the quark level, the pole contribution corresponds to the annihilation diagrams cq 1 → q 2 q 3 with a photon attached to any of the four quark lines. They are actually a subset of a more general class of long distance contributions, which include two-particle intermediate states and extends up to all higher n-particle intermediate states. Phenomenologically however, the single-particle or pole terms are the most accessible. The underlying quark processes in the VMD contributions are c → q 1 q 2 q, followed by q 2 q → γ. All these long distance effects are rather hard to calculate from first principles but can be estimated in models. Hence, it is important that the observables chosen for uncovering short distance NP, have different values from the SM case, even in the presence of the large long distance contributions. We provide an updated estimate for the long distance amplitudes and branching ratios for charm decays following the methods of
Ref. [15] in appendix A.
The amplitude for the flavour changing radiative transitions were first evaluated by Inami and Lim [16] . As pointed out in Ref. [17] , those formulaes need to be appropriately modified for the case of c → uγ decay. The SM Lagrangian for the processes c → uγ, which arises at the loop level as shown in Fig.1 is given by,
where the mass of the final quark u has been neglected and P R = . The coefficient A SM is a function of the internal quark masses and the (QCD uncorrected) contribution to the amplitude A SM is given by,
where
with m q (q = d, s, b) being the masses of the down-type quarks running in the fermion loop in the penguin diagrams. The functions G p , p = 1, 2 defined in [17] are given in appendix C. Q 1 and Q 2 are the charges of the W boson emitted from the initial quark in the loop diagram, and that of the internal quark running in the loop, respectively. The inclusive decay rate for a c → uγ process within the SM is given by,
This results in the following inclusive BR for the c → uγ process,
which is normalized with respect to the inclusive semi-leptonic BR for D + decays, to get rid of the uncertainty in the charm quark mass. The function I is the phase space suppression factor and is given by,
In the case of b → sγ decay, up-type quarks flow in the loop and the heavy top quark contribution dominates and induces penguin operators already at the electroweak scale. In contrast, all the down type quarks are massless compared to the electroweak scale, resulting in no penguin contribution at this scale within the SM for the case of c → uγ. However, the presence of a heavy down type vector-like quark, will result in a non-vanishing penguin contribution at the electroweak scale. Within the SM, the enhancement of the radiative decay rates in presence of QCD corrections was pointed out in Ref. [15] . While the enhancement was by a factor of two in the case of b → sγ, it was expected to be more dramatic in the case of charm radiative decays [15, 18] . It is hence important to write down the weak effective Hamiltonian with all the dimension-6 operators and calculate the corresponding Wilson coefficients within the renormalization-group improved perturbation theory which are discussed below.
A. The RG evolution and the coefficient C 7 eff
The RG evolution of the Wilson coefficients for charm decays in context of the SM to the next-to-leading order (NLO) in QCD corrections is performed. The calculation for the complete set of operators relevant for charm decays had previously been done up to NLO in the NDR scheme [19] and to the next-to-next-to-leading order (NNLO) in the MS scheme [20] . In this article, we work in the MS scheme since the anomalous dimension matrices at the leading order (LO) (γ 0 ef f ) and at NLO (γ 1 ef f ) are readily available in Ref. [20] . The short distance evolution of the Wilson coefficients has to be divided into two steps. The first task is to integrate out the weak gauge bosons at a scale µ ∼ M W . This is done by calculating the C i 's at the scale µ ∼ M W by matching the effective theory with five active flavors q = u, d, s, c, b onto the full theory.
As mentioned earlier, no penguin operators are generated at this point, since all the down-type quarks (d, s and b) are to be treated as massless [18] and the GIM mechanism is in full effect. The effective hamiltonian for the scale m b < µ < M W is then given by,
Here,
The effective anomalous dimension matrixγ ef f is calculated in the effective theory with five flavours. Using this matrix, the C i (M W is then given by
In all of the above, q L = P L q and P R,L = (1 ± γ 5 )/2 are the chirality projection operators.
The Hence, at each order (O), the vector of the Wilson coefficients C i at the scale µ = m c may be schematically written as
where f is the number of active flavours at the corresponding scale, R
match is the matching matrix between the effective five flavour theory above the scale µ = m b to the effective four flavour theory below the scale µ = m b , the index O ={LO, NLO} specifies the order in QCD corrections at which the corresponding quantities are being calculated and the U's are the evolution matrices related to the effective anomalous dimension matrixγ ef f and are discussed in detail below. We use the formalism given in Ref. [21, 22] to obtain the evolution matrices for LO and NLO. We also closely follow Ref. [20] in the following discussion.
B. The leading order(LO) evolution
Let us start with the full 8 × 8 effective anomalous dimension matrix at the leading order (γ 0 ef f ) which can be assimilated in parts from [20, [23] [24] [25] . It is given in eqn. (B1) in appendix B with the full dependence on the number of active flavours(f ) and charges(q 1 , q 2 ) of the internal quark and the decaying quark. Now, let V be the matrix that diagonalizesγ
The LO evolution matrix U (0) for evolving the C i 's down from the scale µ 2 to µ 1 is then given by
where α s is the strong coupling constant.
A few comments are in order at this point. It was specified previously that the only operators relevant for the case of charm decays within the SM, above the scale µ = m b are Q q 1 and Q q 2 . Hence, the matrix
are basically the initial conditions are well known and are given by:
Hence we have, for the scale
At this point, all the other Wilson coefficients (C 3 to C 8 ) are zero. They get their values from the matching at the scale m b . However, the matching matrix R match = δ ij to LO and hence, for the LO evolution, the coefficients C 3 to C 8 remain vanishing even after the matching procedure. is then obtained at LO using the relation
, 20,
C. The next-to-leading order(NLO) evolution
The NLO expression for the evolution matrix is given by
V was defined previously in eqn. (13) and the matrix H is defined by
with
The expression for the 8 × 8γ 1 matrix with the complete effective flavour and charge dependence can again be collected in parts from [20, [23] [24] [25] . Due to its large size, we provide the matrix in two separate 8 × 6 and 8 × 2 blocks in appendix B (see eqns. B2 and B3).
It is easy to see that one encounters a term of the order of α 2 s on expanding the expression for (18)). However, a calculation of the NLO contribution necessarily requires that all terms higher than the first order in α s be discarded and hence, special care should be taken in using eqn. (18) for the NLO evolution.
Similar to the case of the LO evolution, the only relevant coefficients above the m b scale are
, calculated up to the NLO order this time. The expressions can be found in [26] and in the MS scheme are given by
The coefficients C i (i = 3, ..., 8) however are non-vanishing after the matching procedure at NLO, since the matching matrix R match is now defined by
The non-zero elements of the matrix R (1) for charm decays being [20] R
42 /6 = 1/9,
82
The full set of NLO coefficients (C 1 , ..., C 8 ) for the case of charm decays in the SM is then
given by
where C(m b ) is an 8 × 1 column vector whose first two elements are C 1 (m b ) and C 2 (m b ) and the rest are zero. Once the values at the charm scale are obtained, the corresponding value for C 7 ef f can be obtained from eqn. (17) .
III. NEW PHYSICS MODELS A. Down type isosinglet vector-like quark
The SM contains three generation of quarks, however, the number of generations is not predicted by the theory. A simple extension of the SM would be to have a chiral fourth generation of quarks and leptons. Presence of a fourth generation would have a significant effect on the Higgs sector of the SM and is now ruled out by the Higgs production and decay processes data at the LHC. However, the so called vector-like quarks, which do not receive their masses from Yukawa couplings to a Higgs doublet, are consistent with the present Higgs data. They are distinguished from the SM quarks by their vector coupling to gauge bosons, i.e., both the left handed, Ψ L and right handed, Ψ R chiralities of these fermions transform the same way under the SM gauge groups Having discussed the evolution of the Wilson coefficients for the SM in full detail we will now simply specify how the contribution of the vector-like quark model modifies the SM coefficients.
The down-type vector-like quark induces a Z-mediated FCNC in the down-type quark sector.
In Ref. The fundamental difference in this model is that at the electroweak scale, the coefficients C 7,8
will not be zero. While the down-type quarks running in the penguin loop in the SM 2 can be treated as massless and hence do not contribute, the vector-like b ′ quark, which couples with all the up-type SM quarks being heavier than M W will generate a value for the coefficients C 7 and C 8 at the electroweak scale itself. The values are
where the functions G p (r) defined in [17] are given in appendix C.
We have calculated these coefficients in this model for two benchmark values for the mass of the b ′ quark in accordance with [12] . Our results are displayed in Table I . Our values for the 1 However, at the NNLO order, one encounters terms dependent on
which arise as a result of integrating out the top quark as a heavier degree of freedom at the electroweak scale. Since the b ′ is also heavier than the W boson, one needs to integrate it out too at this scale. Hence, at the NNLO level, the expressions for C 1 (M W ) and C 2 (M W ) change for this model as compared to SM. 2 The relevant diagrams in the Feynman gauge can be found in [17] . coefficients in the SM match exactly with Ref. [20] if we use their values for the parameters m t , m b , M W and µ. We find there is more than an order enhancement in the values of the coefficients C 7 ef f and C 8 ef f at the NLO level in the case of this vector-like quark model compared to the SM.
However, we should mention here that our NLO results for the NP model are not exact in the sense that we have not calculated the expressions for these coefficients at the NLO level at the W scale.
The LO results are exact. From the values in Table I it is evident that the dimension six operators The effective lagrangian given in eqn.
(1) (for SM) may now be written for the case of LRSM as,
where A and B are the bare SD contributions to c L and c R respectively and are given by [36] 
For the case of c → uγ decays, Q 1 = 1,
The mass of the down-type quarks running in the penguin loop is represented by m l . The functions G ij p and H ij p for p = 1, 2 and i = j = L are given in Ref. [17] . G p is also included in appendix C. The i = j = R, i = L, j = R and the i = R, j = L counterparts relevant for the LRSM are explained in detail in Ref. [36] . We calculate the SD contributions A and B only at the bare level. For the c → uγ decays in the LRSM model, the operator basis with and without the heavy vector-like quark now consists of 20 operators. They are the 8 operators described in sec. II A which contribute to A along with the following two operators,
which are the left-right analogues of Q q 1 and Q q 2 . 10 more operators with the chiralities of these operators flipped, contribute to B. Since the strong interactions preserve chirality, these two sets of operators with different chiralities do not mix with each other and the RG group mixing of the two sets are the same. However, the additional operators require an additional γ 4×4 which although present in the literature for radiative b decays [34] , is not available for the case of the radiative charm decays. Hence incorporating the QCD corrections for the LRSM case, is beyond the scope of this work.
IV. RESULTS AND DISCUSSIONS
A. Branching ratios in the SM and for the NP models 
where the function f [18] is given by:
Hence, the coefficient A SM at LO and NLO is given by, Note that | C 7 ef f | itself is not enhanced at NLO compared to LO within the SM as is evident from the values in Table I, Since the vector-like quark b ′ generates a non-vanishing value for the coefficients C 7 and C 8 at the electroweak scale itself, its presence results in an increased magnitude of C 7 ef f as can be seen in Table I In analogy to Ref. [14] , we define the photon polarization for the inclusive process c → uγ as
where c R , c L denote the amplitudes for the right and left polarized photons in the process. 
This parametrization of the right handed CKM matrix is inspired by Ref. [35, 37] . The CP violating phases have been taken to be zero and θ 13 = θ 23 = 0, where θ ij is the mixing angle between the i th and j th generations. The photon polarization can be expressed as a function of ζ, ζ g and θ 12 .
We vary the parameters ζ g and ζ within their allowed ranges (0 ≤ ζ g ≤ 2 and 0 ≤ ζ ≤ 10 −3 ) and look for the θ 12 values for the maximum deviation of the polarization from its SM value of ≈ 0.
For the case of the LRSM with a heavy vector-like quark b ′ , there are three additional parameters (θ 14 , θ 24 , θ 34 ), which are also chosen to get the maximum deviation of λ γ from its SM value.
The contour plots for the variation of λ γ for LRSM with no LD contribution and LRSM with LD amplitude of 2 × 10 −9 GeV −1 are shown in Fig. 2 . As seen in Fig. 2(a) , for very small values of ζ and ζ g , LRSM approaches the SM and hence in absence of long distance contribution, the polarization is left handed (λ γ = −1), however as the parameters ζ and ζ g increase, the polarization value changes from -1 to +1. This picture completely changes in the presence of the long distance effects, shown in Fig. 2(b) . Left and right pannels of Fig. 3 show the λ γ contours for LRSM with an isosinglet down type vector-like quark of mass 800 GeV and 1200 GeV respectively, with LD amplitudes (in units of GeV Here 0 < ζ < 10 −3 and 0 < ζ g < 2.
middle and bottom rows. At the lower end of the range estimated for the LD amplitude, in a model with a vector like quark along with LRSM, polarization can be large, even +1 as both ζ and ζ g approach their maximum values. If the LD contributions are larger ∼ 1 × 10 −8 GeV −1 , the maximum polarization value is ∼ 0.5, which further reduces to 0.05 for LD amplitude of 8 × 10
On the experimental side, branching ratios of some of the radiative decays of the D 0 meson have been measured by the Belle collaboration [38] ,
If the LD contribution is at its lower limit, then the measured BR(D 0 → ρ 0 γ) can allow some enhancement from the NP SD contribution, on the other hand, the upper limit of LD saturates the observe BR. The measured BR(D 0 → φγ) also allows some NP SD contribution. The upper limit for BR(D 0 → ωγ) is 2.4 × 10 −4 [39] and cannot be saturated by the SM contribution.
Also, recently an observation of the photon polarization in the b → sγ transition was reported by LHCb [40] . In table IV we display the results for the calculation of the long-distance D → V γ amplitudes.
The individual numbers for type-I pole and VMD contributions are shown separately along with the branching ratios. These results are essentially an update of the results in Ref. [15] using the same techniques. The major updates are: • Updated form factors taken from Ref. [43] used in calculating the VMD amplitudes.
• Updated V → P (vector-pseudoscalar) and T → P (tensor-pseudoscalar) decay widths from Ref. [39] used for the evaluation of the couplings h V γP and h T γP respectively for the type-I pole amplitudes.
• Inclusion of η − η ′ mixing in calculating the type-I D 0 → ρ 0 γ, D 0 → ωγ and D 0 → φγ amplitudes. The corresponding mixing angles and decay constants have been obtained from Ref. [44] .
• Inclusion of the parity-violating (PV) part for the D 0 → φγ type-I pole amplitude. The decay constants for the corresponding scalars involved have been taken from Ref. [45] for f 0 (980) and [46] for a 0 (980) respectively.
• The decay constants are taken from Ref. [47] for the light vector mesons and from Ref. [39] for the light pseudoscalar mesons. For the decay constants of the D * and D * s mesons, we use Ref. [48] .
We have only calculated the type-II pole contribution to the mode D + → ρ + γ. This is because:
• • For decay modes of D + other than ρ + γ (for eg. b + 1 (1235)γ, a + 1 (1260)γ etc.), the corresponding decay constants for the final state particles are not available.
